containing the κB sequence and antibody supershifts used to identify discrete NF-κB 2 3 3 subunits. EMSA detects activated NF-κB dimers that are not IκB-bound and so are 2 3 4 able to bind and shift the mobility of the DNA probe. Deoxycholate (DOC), to force 2 3 5 dissociation of IκB, was included in some samples to reveal any occult (IκB bound) NF-2 3 6 κB, so that we would not fail to identify present but inactive forms of NF-κB (Meffert et 2 3 7 al., 2003) . We observed that isolated synapses from p50-deficient mice retained NF-κB 2 3 8 consisting of p65:p65 homodimers as shown by the supershifted band in the presence 2 3 9 of p65 antibody ( Figure 1A ; representative EMSA from 4 biological replicates). p65:p65 2 4 0 homodimers were present in increased abundance in the absence of the p50, in 2 4 1 comparison to synapses isolated from wild-type neurons which contained predominantly 2 4 2 p65:p50 heterodimers and small amounts of p65:p65 homodimers ( Figure 1A ). These 2 4 3 results were consistent with p50 (when present) as the known preferred subunit binding-2 4 4 partner of p65, but demonstrated that, in the absence of p50, p65:p65 homodimers 2 4 5 could localize to synapses. Since NF-κB is not detected in synapses isolated from p65-2 4 6 deficient neurons (Meffert et al., 2003) , these results are collectively consistent with the 2 4 7 p65 subunit being necessary as well as sufficient for significant localization of NF-κB to 2 4 8 isolated hippocampal synapses. The p65 subunit of NF-κB, but not the p50 subunit, is enriched within dendritic While biochemically isolated synapses can contain both pre-and post-synaptic 2 5 3 elements, our previous work suggested that NF-κB was enriched in dendritic spines, the 2 5 4 postsynaptic sites of excitatory synaptic contacts. Green fluorescent protein-tagged p65 2 5 5 (GFPp65) was enriched in spines of intact wild-type hippocampal neurons (Boersma et   2  5  6 al., 2011) in which the p65:p50 dimer of NF-κB predominates (Meffert et al., 2003) . To 2 5 7 investigate whether p65 or p50 subunits were responsible for dendritic spine 2 5 8 enrichment, we first excluded the possibility of p50 heterodimerization with p65, by 2 5 9 assaying p50 spine-enrichment in neurons lacking p65.
Hippocampal neuronal (GFPp50), GFPp65, or GFP alone, were subjected to confocal imaging and analysis for 2 6 6 spine enrichment (calculation described in Materials and Methods). In the absence of 2 6 7 endogenous p65, no spine enrichment of GFPp50 was observed (0.9 ± 1.2%), while 2 6 8
GFPp65 retained its expected enrichment (39.7 ± 2.08%, p = 3.8 x 10 -10 ) relative to 2 6 9 GFP ( Figure 1B) . These results indicate that the p65 subunit of NF-κB is sufficient for 2 7 0 hippocampal spine enrichment, and that p65 likely mediates spine enrichment of the 2 7 1 predominant p65:p50 heterodimer. synapses, in comparison to stubby spines or spines lacking a head (Peters and 2 8 0 -Abramof, 1970; Harris et al., 1992; Hering and Sheng, 2001 ; Tada and 2 8 1 , 2006) . We next investigated the possibility of a relationship between spine the head to neck diameter ratio was ≤ 1 (i.e. lacking a distinct head) did not exhibit 2 9 0 significant enrichment of GFPp65 at the spine terminus (GFPp65 spine enrichment of 2 9 1 7.99 ± 6.04%, p = 0.056 compared to GFP alone) ( Figure 1D ). In contrast, all three 2 9 2 spine categories with head to neck diameter ratio ≥ 1 had significantly more GFPp65 2 9 3 spine enrichment than spines with head to neck ratio ≤ 1 (p ≤ 0.003, ANOVA p = 0.005, Dunn test for nonparametric data p ≤ 0.01). A trend was observed for greater GFPp65 2 9 5 enrichment with increasing spine head to neck ratio: head to neck ratio 1-3 (average 2 9 6 enrichment 33.57 ± 2.47%), head to neck ratio 3 -4 (average enrichment 41.41 ± 2 9 7 6.31%), head to neck ratio > 4 (average enrichment 46.81 ± 9.34%) ( Figure 1D ), but this 2 9 8 did not reach significance (ANOVA, p = 0.159). These data indicated that GFPp65 was reliable brain immunostaining without staining in p65-deficient brain tissue were not 3 0 9
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identified despite candidate screening. For this reason, we proceeded to assess equal to endogenous p65 expression in wild-type mice, and to fully rescue endogenous 3 1 6 p65 function (p65 loss is embryonic lethal).
1 7
Hippocampal cultures from GFPRelA f/f mice were transfected with mCherry to subjected to immunostaining for GFP and mCherry (see Materials and Methods), (Imaris). p65 expressed from the endogenous locus was enriched in hippocampal 3 2 2 dendritic spines by 33.5 ± 6.9% (p = 1.36x10 -5 ) relative to non-tagged GFP ( Figure 1E ); 3 2 3 this enrichment was not significantly different from the dendritic spine enrichment of 3 2 4 transiently-transfected GFPp65 as shown in Figure 1B (p = 0.27). These results 3 2 5
supported the use of GFPp65 constructs expressed at low levels in subsequent
experiments to investigate the determinants of p65 enrichment. We next engineered a series of deletion and truncation constructs ( Figure 2A )
aimed at identifying a mutant of the p65 subunit that would lack dendritic spine- hippocampal pyramidal neurons, subjected to confocal imaging, and found to retain 3 4 0 dendritic spine enrichment that did not significantly differ from wild-type GFPp65 (40.8 ± 3 4 1 4.9%, p = 0.813 and 40.29 ± 3.95% p = 0.980 respectively,) ( Figure 2B and 2C). In different in enrichment compared to GFP (-4.2 ± 2.4%, p = 0.142). Collectively these 3 4 5
data, prompted us to focus on the region between the NLS and the TAD of p65, a subunits, which we suspected might be involved in dendritic spine enrichment.
4 8
Two constructs with overlapping deletions in p65 between the NLS and TAD 3 4 9
(p65Δ305-406 and p65Δ335-442) were engineered to refine the region required for than for full-length p65 (19.1 ± 3.5%, p = 4.67x10 -5 and p = 0.002) ( Figure 2B ,C). In contrast, p65Δ305-406 lacked significant spine enrichment (5.5 ± 2.2%, p = 0.102 3 5 5
compared to GFP alone), and we termed this mutant, GFPp65ΔSE. All truncation and 3 5 6 deletion p65 constructs were expressed at similar levels, as assessed by visualization ( Figure 2D ).
6 0
Due to the known participation of NF-κB in apoptotic pathways, we evaluated hippocampal neurons expressing either GFP, GFPp65 or GFPp65ΔSE for 24 hours, analysis. Quantification showed no differences in cytoplasmic blebbing (GFP: 19.2%, n 3 7 0 = 9 cells; GFPp65: 0%, n = 8; GFPp65ΔSE: 12.5%, n = 8) or pyknotic nuclei (GFP:
3 7 1 11.1%, n = 9 cells; GFPp65: 12.5%, n = 8; and GFPp65ΔSE: 12.5%, n = 8) between 3 7 2 neurons expressing GFP, GFPp65, or GFPp65ΔSE (Figure 2E ). In contrast, ( Figure 2E ). These results indicated that GFPp65ΔSE expression did not adversely blebbing/beading. We proceeded to assess the transcriptional function of GFPp65ΔSE, 3 7 9
in comparison to wild-type p65. We first examined whether the inherent transcriptional properties of wild-type p65 reporter assay in heterologous cells, without the need for cellular stimulation to mediate 3 9 2
IκB inhibitor degradation, through moderate overexpression of NF-κB subunits which 3 9 3
intentionally outstrips endogenous IκB to allow assessment of transcription activation.
3 9 4
HEK293T cells were co-transfected with NF-κB luciferase reporter and a constitutively 3 9 5 expressed β -galactosidase for normalization, in combination with either full length 3 9 6
GFPp65 or GFPp65ΔSE at increasing doses which were titrated for equivalent levels of 3 9 7
protein expression by immunoblot ( Figure 3A, right) . Full length GFPp65 and , 1980; Yuste et al., 2000) . This prompted us to ask whether one role of a spine- expressed at similar levels as assessed by immunoblot ( Figure 3B , inset) and and phorbol ester (PMA, 50 ng/ml) were used to deliver diffuse generalized stimulation.
3 4
Both synaptic and diffuse stimuli have been previously characterized as activators of κB reporter activity, and stimulations were graphed relative to this level (set as 1.0, 4 3 8 Figure 3B ). Ionomycin/PMA stimulation equivalently increased NF-κB reporter activity 4 3 9
in neurons expressing either GFPp65 or GFPp65ΔSE (1.86 ± 0.09 and 1.80 ± 0.09 fold, 4 4 0 p = 0.018 and p = 0.0002, respectively, compared to no stimulation). In contrast, showed no significant response (p = 0.0001 and p = 0.389, respectively, compared to 4 4 4 no stimulation ( Figure 3B ). Synaptic stimulation with glycine increased NF-κB reporter GFPp65ΔSE showed no significant response (p = 0.0001 and p = 0.692, respectively, 4 4 7 compared to no stimulation ( Figure 3B ). Collectively, this data indicates that 4 4 8
GFPp65ΔSE, which lacks enrichment at dendritic spines, can support NF-κB-dependent 4 4 9 gene expression in response to a diffuse stimulus, but is ineffective in supporting NF- Previous work has shown that signaling components required for NF-κB through IKK, using both small molecule (Skaug et al., 2011; Liu et al., 2012) and peptide 4 6 4 IKK inhibitors (May et al., 2000; Solt et al., 2007; Solt et al., 2009) . The selective small 0.24, p = 0.043, Bicuculline: 2.72 ± 0.31, p = 0.0001, glycine: 2.41 ± 0.25, p = 0.0007) or 4 7 0 control TAT peptide (Ionomycin/PMA: 2.01 ± 0.20, p = 0.014, Bicuculline: 2.72 ± 0.33, p 4 7 1 = 0.0001, glycine: 2.30 ± 0.21, p = 0.002).). These data demonstrate that NF-κB synaptic currents (Boersma et al., 2011; Schmeisser et al., 2012) . We harnessed this Healthy neural plasticity in the adult brain is enabled by the selective regulation NF-κB is a pleiotropic transcription factor that functions broadly in the control of 5 1 6
genes promoting cellular and synapse growth, and for which evolutionarily conserved which have been reported in neuronal dendrites (Suzuki et al., 1998) . We identify a 101 5 2 4
amino acid region of the p65 NF-κB subunit that is required for NF-κB enrichment in 5 2 5 dendritic spine heads. Overlapping mutants (Figure 2) suggest that the region of 5 2 6
importance for dendritic spine localization may be further narrowed to a 30 amino acid 5 2 7
sequence. No protein-protein or protein-RNA interaction motifs have been previously (beginning at human P322, PRPPP), and is lacking in GFPp65ΔSE but present in all 5 3 2 spine-enriched constructs of p65 (Figure 2A,B) . Binding of SH3 domains has been 5 3 3 implicated in mediating protein-protein interactions and clustering at synapses; for 95, is an NF-κB transcriptional target that is critical for NF-κB-mediated increases in intrinsically disordered region (IDR, lacking defined and ordered 3D structure). This is 5 4 5 particularly intriguing given the recently heightened interest in potential biological roles 5 4 6 of protein IDRs (Lin et al., 2015; Shin and Brangwynne, 2017; Wei et al., 2017) .
4 7
Biochemical and ionic fluxes between the cytoplasm of spines and neighboring 5 4 8
